Objective: To investigate the effect of beraprost sodium, an orally active prostacyclin analogue, on exercise capacity and ventilatory efficiency in patients with primary pulmonary hypertension and chronic thromboembolic pulmonary hypertension. Patients and design: Symptom limited cardiopulmonary exercise testing was performed before and 3 (1) months (mean (SEM)) after beraprost treatment in 30 patients with precapillary pulmonary hypertension (14 with primary pulmonary hypertension and 16 with chronic thromboembolic pulmonary hypertension). Results: Long term treatment with beraprost resulted in significant increases (mean (SEM)) in peak workload (87 (4) W to 97 (5) W, p < 0.001) and peak oxygen consumption (peak V O 2 , 14.9 (0.7) ml/kg/min to 16.8 (0.7) ml/kg/min, p < 0.001). Beraprost decreased the ventilatory response to carbon dioxide production during exercise (V E-V CO 2 slope, 42 (2) to 37 (1), p < 0.001). No significant difference in the responses of these variables to beraprost treatment was observed between patients with primary pulmonary hypertension and chronic thromboembolic pulmonary hypertension. Conclusions: Oral administration of beraprost sodium may improve exercise capacity and ventilatory efficiency in patients with both primary and chronic thromboembolic pulmonary hypertension. M ost patients with primary pulmonary hypertension or chronic thromboembolic pulmonary hypertension have severe exertional limitation from the early phase of the disease, which ultimately progresses to right ventricular failure and death.
M
ost patients with primary pulmonary hypertension or chronic thromboembolic pulmonary hypertension have severe exertional limitation from the early phase of the disease, which ultimately progresses to right ventricular failure and death. [1] [2] [3] The severely reduced exercise capacity is attributed to an impaired vasodilator response of the pulmonary arteries during exercise. 4 Earlier studies have shown that a continuous intravenous infusion of epoprostenol (prostacyclin) ameliorates pulmonary hypertension and improves exercise capacity in patients with primary pulmonary hypertension. [5] [6] [7] [8] This treatment, however, requires a continuous infusion device and so is more uncomfortable and expensive than oral drug treatment. In contrast to major vessel chronic thromboembolic pulmonary hypertension, which may be surgically corrected, 9 peripheral vessel thromboembolic pulmonary hypertension cannot be treated surgically and so an alternative therapeutic approach is necessary.
Beraprost sodium is a newly developed prostacyclin analogue with a stable structure because of its cyclopentabenzofuranyl skeleton. 10 Unlike epoprostenol, beraprost has prolonged activity in the body and so can be taken by mouth. It is similar to epoprostenol, however, in that it produces strong vasodilatation and inhibits platelet aggregation. 11 Recently, we and others have shown that beraprost reduces pulmonary vascular resistance in patients with primary pulmonary hypertension, [12] [13] [14] but it is not yet known whether oral administration of this agent improves exercise capacity and ventilation in such patients. Furthermore, there are few data on the effects of beraprost in patients with chronic thromboembolic pulmonary hypertension.
Cardiopulmonary exercise testing allows reproducible assessment of functional capacity and treatment efficacy in patients with pulmonary hypertension. [15] [16] [17] In the present study we therefore investigated the effects of long term treatment with beraprost on exercise capacity and ventilatory efficiency using peak oxygen consumption (peak ṼO 2 ) and the ventilatory response to carbon dioxide production (ṼE-ṼCO 2 slope) [17] [18] [19] in patients with primary and chronic thromboembolic pulmonary hypertension.
METHODS

Study patients
Thirty two patients with precapillary pulmonary hypertension (mean pulmonary arterial pressure > 25 mm Hg) and who were suitable for a maximum cardiopulmonary exercise test, as judged by the attending physicians, were enrolled in the study. Patients in New York Heart Association (NYHA) functional class IV were excluded. Two patients were not retested because they were referred to local institutions. Thus the remaining 30 patients with precapillary pulmonary hypertension (14 with primary pulmonary hypertension and 16 with chronic thromboembolic pulmonary hypertension) were studied.
All patients were thoroughly investigated to identify the cause of their pulmonary hypertension. Investigations included chest radiography, lung scanning, pulmonary function tests, Doppler echocardiography, and cardiac catheterisation, according to the protocol of the National Institutes of Health registry on primary pulmonary hypertension. 1 The diagnosis of chronic thromboembolic pulmonary hypertension was confirmed by pulmonary angiography. 2 20 Demographic, haemodynamic, and pulmonary function data at baseline are shown in table 1. Seven patients with milder forms of pulmonary hypertension (mean (SD) pulmonary arterial pressure 32 (3) mm Hg; one with primary pulmonary hypertension and six with chronic thromboembolic pulmonary hypertension) were recruited-with their written informed consent-to test the reproducibility of the paired cardiopulmonary exercise tests.
The study was approved by the ethics committee of the National Cardiovascular Centre, and all patients gave written informed consent.
Beraprost treatment
The study was designed to maintain the beraprost treatment at the highest dose tolerated, as reported previously.
14 In brief, oral administration of the drug was begun at 60 or 80 µg/day and increased in increments of 60 or 80 µg/day over 1-2 weeks to the highest dose tolerated (mean (SEM), 138 (14) µg/day; range 60-360 µg/day). The total daily dose was split into three or four separate doses. Side effects occurred in 16 patients (53%) within a week of the administration of beraprost. These were: flushing in six patients, headache in four, flushing and headache in four, diarrhoea in one, and nausea in one. Further dose increments caused similar side effects in the remaining 14 patients, which limited the highest dose used. Clinically significant systemic hypotension or orthostatic hypotension was not observed in any patient. When intolerable side effects occurred, we either reduced the dose or gave the same daily dose in an increased number of smaller subdoses. All patients eventually tolerated a dose of at least 60 µg/day. Treatment was continued for at least one month (mean (SEM) 3 (1) months, range 1-7 months) before the second exercise test was carried out. Additional treatment for pulmonary hypertension and right ventricular failure-such as anticoagulation, digitalis, and diuretics-was unchanged during the study. Because beraprost was the vasodilator of first choice in our institution, few patients were on calcium channel blockers.
Haemodynamic studies Diagnostic right heart catheterisation was performed while the subjects were in a stable condition before starting treatment with beraprost. Haemodynamic variablesincluding mean pulmonary arterial pressure, mean right atrial pressure, and pulmonary capillary wedge pressure-were measured in all patients. Cardiac output was measured by Fick's method. Pulmonary vascular resistance was calculated by dividing mean pulmonary artery pressure by cardiac output.
Cardiopulmonary exercise testing
Cardiopulmonary exercise testing was undertaken before and during beraprost treatment. Paired cardiopulmonary exercise tests were also performed in a group of patients with less severe pulmonary hypertension who were not on beraprost treatment, to exclude training effects. The time interval from the baseline exercise test to the second exercise test was 3 (1) months in both groups (with and without beraprost treatment).
The patients performed exercise seated on a cycle ergometer. They first pedalled at 55 rpm without any added load for one minute. The work rate was then increased by 15 W/min up to their symptom limited maximum. Heart rate was monitored with standard electrocardiographic leads, and blood pressure was measured at the brachial artery by sphygmomanometry. Oxygen saturation was monitored with a pulse oximeter. Breath by breath gas analysis was performed with an AE280 instrument (Minato Medical Science, Osaka, Japan) connected to a personal computer running analysing software. 21 The ratio of change in oxygen uptake to change in work rate (∆ṼO 2 /∆W ratio) was calculated as the slope of oxygen consumption per unit workload from one minute after the start of load addition until 85% of maximum ṼO 2 . Exercise capacity was evaluated by peak ṼO 2 , which was defined as the value of averaged data during the final 15 seconds of exercise. The oxygen pulse, an index of stroke volume during exercise, was calculated by dividing ṼO 2 by heart rate. Ventilatory efficiency on exercise was represented by the ṼE-ṼCO 2 slope, where ṼE is the expiratory minute volume. This was determined as the linear regression slope of ṼE and ṼCO 2 from the start of exercise until the RC point (the time up until which ventilation is stimulated by CO 2 output and end tidal CO 2 tension begins to decrease). 15 
Statistical analysis
All data are expressed as mean (SEM) unless otherwise indicated. Comparisons of variables between two groups were made by Fisher's exact test or Student's unpaired t test. Changes in variables during treatment with beraprost were analysed with the paired Student t test. Correlation coefficients between exercise indices and pulmonary vascular resistance were calculated by linear regression analysis. A probability value of p < 0.05 was considered significant. 
RESULTS
Baseline exercise capacity and haemodynamic variables Nine patients (30%) were classified as NYHA functional class II, and 21 (70%) as class III. Baseline peak workload and peak ṼO 2 in patients with pulmonary hypertension were significantly lower than the normal values, which were determined from pooled data of 20 age matched healthy subjects (peak workload, 87 (4) v 147 (7) W; peak ṼO 2 , 14.9 (0.7) v 28.9 (1.1) ml/kg/min; p < 0.001, respectively). Baseline ṼE-ṼCO 2 slope was notably higher in patients with pulmonary hypertension than in healthy subjects (42 (2) v 23 (1), p < 0.001), suggesting exaggerated ventilatory response to exercise in such patients. Baseline peak ṼO 2 was negatively correlated with pulmonary vascular resistance (r = −0.49, p < 0.01), while the ṼE-ṼCO 2 slope was positively correlated with pulmonary vascular resistance (r = 0.66, p < 0.001).
Effects of beraprost treatment on exercise capacity
Following oral administration of beraprost, NYHA functional class improved significantly in 16 patients, worsened in two, and was unchanged in 12. Consequently, NYHA functional class in the beraprost group improved from 2.7 (0.1) to 2.2 (0.1) (p < 0.05). Oral administration of beraprost did not alter heart rate or blood pressure, either at rest or at peak exercise (table 2) . No significant changes in arterial oxygen saturation were observed during beraprost treatment, either at rest or at peak exercise. In contrast, beraprost increased peak workload in the patients with pulmonary hypertension (from 87 (4) to 97 (5) W; p < 0.001, fig 1) , although the respiratory quotient, an index of exercise effort, was not significantly altered (table 2) . In addition, beraprost increased peak ṼO 2 in the whole cohort of patients with pulmonary hypertension (from 14.9 (0.7) to 16.8 (0.7) ml/kg/min, p < 0.001, fig 2) . Beraprost also increased the oxygen pulse, an index of stroke volume, and the ∆ṼO 2 /∆W ratio (table 2). Oral administration of beraprost decreased the ṼE-ṼCO 2 slope from 42 (2) to 37 (1) (p < 0.001, fig 3) . These variables remained unchanged in patients who did not receive beraprost treatment (peak workload, 99 (11) to 101 (10) W; peak ṼO 2 , 18.4 (2.2) to 18.6 (2.2) ml/kg/min; ṼE-ṼCO 2 slope, 38 (3) to 37 (3), NS). Exercise responses in primary and chronic thromboembolic pulmonary hypertension Beraprost increased peak workload in patients with primary pulmonary hypertension from 86 (7) to 95 (8) W (p < 0.01, fig 1) , and in patients with chronic thromboembolic pulmonary hypertension from 88 (5) to 98 (6) W (p < 0.05). Beraprost caused an 18% increase in peak ṼO 2 in patients with primary pulmonary hypertension (from 14.8 (1.2) to 17.4 (1.2) ml/kg/min; p < 0.01, fig 2) , and a 9% increase in patients with chronic thromboembolic pulmonary hypertension (from 15.0 (0.9) to 16.4 (0.8) ml/kg/min; p < 0.05). Treatment with beraprost resulted in a 16% decrease in the ṼE-ṼCO 2 slope in patients with primary pulmonary hypertension (from 43 (3) to 36 (2); p < 0.01, fig 3) , and a 7% decrease in patients with chronic thromboembolic pulmonary hypertension (from 41 (3) to 38 (2); p < 0.05). However, these changes did not differ significantly between patients with primary pulmonary hypertension and those with chronic thromboembolic pulmonary hypertension.
DISCUSSION
In this study we showed first, that baseline peak ṼO 2 was decreased and the ṼE-ṼCO 2 slope increased-with an increase in pulmonary vascular resistance-in patients with precapillary pulmonary hypertension; second, that oral administration of beraprost resulted in an increase in peak workload and peak ṼO 2 , and a decrease in the ṼE-ṼCO 2 slope; and third, that there was no significant difference in responses of these variables to beraprost treatment between patients with primary pulmonary hypertension and those with chronic thromboembolic pulmonary hypertension. These results suggest that oral administration of beraprost may improve exercise capacity and ventilatory efficiency in both groups of patients. Recently, the continuous intravenous administration of epoprostenol (prostacyclin) has been shown to cause pronounced lowering of pulmonary vascular resistance and improved exercise capacity in patients with either primary or secondary pulmonary hypertension. 5-8 22 However, epoprostenol is rapidly metabolised and hence needs to be given by continuous intravenous infusion. This raises issues concerned with quality of life and cost effectiveness. In contrast, beraprost can be given orally because of its prolonged activity in the body. 10 11 Beraprost has been shown to decrease pulmonary vascular resistance in patients with primary pulmonary hypertension. [12] [13] [14] However, the effects of oral beraprost on exercise capacity-which is one of the most sensitive and Figure 2 Changes in peak oxygen consumption (peak V O 2 ) during oral administration of beraprost in patients with primary pulmonary hypertension (PPH) and chronic thromboembolic pulmonary hypertension (CTEPH). Data are means, error bars = SEM.
Peak VO 2 (ml/kg/min) . objective indices of functional impairment from pulmonary hypertension-remain unknown. In this study, we showed that the oral administration of beraprost improved exercise capacity in patients with precapillary pulmonary hypertension (primary pulmonary hypertension and chronic thromboembolic pulmonary hypertension), as indicated by the increases in peak workload and peak ṼO 2 , without significant change in the respiratory quotient. Peak ṼO 2 is determined from the maximum cardiac output during exercise, the potential for oxygen extraction by the exercising muscle, and the ventilatory capacity. 23 The decrease in peak ṼO 2 associated with the degree of pulmonary hypertension may reflect insufficient oxygen delivery to the body during exercise, caused at least in part by an inadequate increase in cardiac output under conditions of severe pulmonary hypertension. In the present study, beraprost treatment significantly increased peak ṼO 2 , the ∆ṼO 2 /∆W ratio, and the oxygen pulse-an index of stroke volume during exercise. Recently, we and others have shown that long term treatment with beraprost increases cardiac output and decreases pulmonary vascular resistance at rest, although the haemodynamic responses to beraprost are relatively small compared with those to intravenous epoprostenol. [12] [13] [14] These results suggest that beraprost may improve cardiac performance during exercise by causing pulmonary artery dilatation, resulting in an improvement in exercise capacity.
Previous studies have also shown that oral beraprost treatment inhibits the development of monocrotaline induced pulmonary hypertension and reduces medial thickness of the pulmonary artery in rats. 24 Thus it is also possible that the increase in exercise capacity during long term treatment with beraprost may partly reflect an improvement in pulmonary vascular remodelling in patients with pulmonary hypertension.
The increase in the ṼE-ṼCO 2 slope is taken to reflect a reduced ventilatory efficiency of gas exchange, which is associated mainly with increased physiological dead space and a decrease in the PaCO 2 regulatory set point. [17] [18] [19] In the present study, the ṼE-ṼCO 2 slope was strongly correlated with the degree of pulmonary vascular resistance, suggesting the presence of exaggerated ventilatory response to exercise (impaired ventilatory efficiency) in patients with pulmonary hypertension. Oral administration of beraprost improved ventilatory efficiency in patients with pulmonary hypertension, as indicated by a significant decrease in the ṼE-ṼCO 2 slope. It is possible that the decrease in the ṼE-ṼCO 2 slope may be attributable to the pulmonary vasodilator effect of beraprost, leading to an improvement in cardiac output and a decrease in physiological dead space during exercise. It should be noted that beraprost did not alter arterial oxygen saturation either at rest or at peak exercise. In addition, beraprost did not affect blood pressure or heart rate either at rest or at peak exercise, although a problem with any vasodilator in pulmonary hypertension is considered to be the potential complication of systemic hypotension. Thus oral administration of beraprost may be beneficial in patients with precapillary pulmonary hypertension.
Although we have previously reported the beneficial effect of oral beraprost in patients with primary pulmonary hypertension, 12 14 whether it is similarly effective in patients with chronic thromboembolic pulmonary hypertension remains unknown. Unlike primary pulmonary hypertension, chronic thromboembolic pulmonary hypertension is considered to be the result of chronic obstruction of the pulmonary arteries by thrombus. 2 3 Nevertheless, administration of beraprost significantly increased peak ṼO 2 and decreased the ṼE-ṼCO 2 slope in our patients with chronic thromboembolic pulmonary hypertension as well as in those with primary pulmonary hypertension. Recently, the intravenous administration of epoprostenol (prostacyclin) has been shown to decrease pulmonary vascular resistance in patients with chronic thromboembolic pulmonary hypertension. 25 From these findings it appears that-as in primary pulmonary hypertension-pulmonary vasoconstriction may be at least partially responsible for the pulmonary hypertension of chronic thromboembolism, and so a reduction of this vasoconstriction by beraprost may decrease pulmonary vascular resistance, leading to improvement in exercise capacity and ventilatory efficiency in such patients. Further investigations are needed to clarify the mechanisms responsible for the improvement in exercise capacity and ventilatory efficiency during beraprost treatment. In contrast to major vessel chronic thromboembolic pulmonary hypertension, which may be surgically corrected, peripheral chronic thromboembolic pulmonary hypertension has no surgical option. 9 Oral beraprost may thus be an alternative treatment approach in this condition.
Study limitations
Firstly, patients with the most severe forms of pulmonary hypertension were excluded from this study protocol because they were not eligible for maximum cardiopulmonary exercise testing in the judgement of their attending physicians. Our study may therefore include milder forms of pulmonary hypertension than earlier studies. 8 26 The effects of oral beraprost in the most severe forms of primary pulmonary hypertension and chronic thromboembolic pulmonary hypertension remain unknown.
Secondly, this study was not a controlled trial. The patients without beraprost treatment were neither randomised nor placebo controlled, and the severity of disease in that group was different from that in the beraprost treatment group, which may have biased the comparison. Nonetheless, we found no significant improvement in exercise performance indices in patients not given beraprost, indicating there were no training effects in the study interval.
Thirdly, the time span from baseline to the test under treatment was variable, which may bias the comparison. Nevertheless, the mean follow up period was three months, which is an appropriate time span accepted by earlier studies. 8 27 In addition, treatment duration did not correlate significantly with changes in exercise performance (data not shown).
Finally, two patients were not retested because they were referred to local institutions. However, this small drop out rate did not change the significance of the results and conclusions.
Conclusions
Oral administration of beraprost may improve exercise capacity and ventilatory efficiency both in patients with primary pulmonary hypertension and in those with chronic thromboembolic pulmonary hypertension. 
